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ABSTRACT, NGC 7027 shows the richest spectrum of any known gaseous nebula. In the region of the spectrum surveyed we have measured lines of ions of H, He, C, N, 0, F, Ne, Mg, Si, P, S, Cl, Ar, K, Ca, Mn, and Fe using the new Hamilton Echelle Spectrograph of Lick Observatory with a chargecoupled device (CCD) detector. Since a CCD is a linear detector, whereas photographic emulsions used in the most comprehensive previous studies were not, a considerable enhancement in the accuracy of line intensity measurements is possible.
NGC 7027 is the brightest and best-studied planetary nebula (PN) in the sky. A high level of effort has paid off to reveal a rather atypical PN, whose spectroscopic and kinematic data have yielded deep insights into the late stage of evolution of a massive star, yet not one so massive as to evolve into a supernova. The special characteristics of NGC 7027 that have set it apart from other members of the PN class are as follows.
(i) In spite of being dimmed by dust extinction (amounting to an attenuation of about 14 decibels at 486 nm), it has the highest surface brightness and infrared (IR) luminosity of any PN. It is obscured not only by interstellar extinction but also by irregularly distributed, internal dust.
(ii) The intrinsic luminosity of NGC 7027 is near the upper limit of PN values. Evidently this nebula originated from an evolved star distinguished among PN progenitors by its high mass, perhaps of the order of 6.5 solar masses (1, 2) .
(iii) NGC 7027 is the only PN surrounded by a huge molecular cloud. Estimates of the mass of this cool, dusty envelope range from 2 to 5 solar masses (2, 3) .
(iv) This nebula and its central star or PN nucleus (PNN) appear to be evolving rapidly. Jura (4) has estimated that the luminosity and mass loss rate may have fallen by 1 order of magnitude in the last 1000 years.
(v) NGC 7027 shows an unusually rich spectrum in the UV, optical, and IR regions. Its high IR luminosity has made it a favorite among IR observers. The optical-region spectrum, which is the objective of this investigation, has been carefully studied over the last half-century with steadily improving techniques. The most complete published description is that given by Kaler et al. (5) . Table 1 lists some basic data. Since the visible nebula lies within a patchy cloud of dust and no central star is easily seen, the radio-frequency position (6) is the best. Spectral line fluxes are often expressed in units of that of Hp (at 486.1 nm), given as 100. The observed Ha fluxes, (7) (8) (9) by invoking the apparently well-justified assumption that the absolute magnitude of NGC 7027 was the same as that of the brightest PN observed in external galaxies, a quantity recently well-established by Jacoby et al. (13) . The best estimate of the distance of NGC 7027 is that given by Masson (11) , who measured the angular rate of expansion with the Very Large Array (VLA). The radial velocity of expansion is known both from radio-frequency and optical data for both the ionized and surrounding neutral gas. It is possible to construct a dynamical model for NGC 7027 and use this in conjunction with the angular and radial expansion data to get the distance. This method yields 940 ± 200 parsecs. A source of uncertainty still lies in the kinematics of the gas, an improved knowledge of which will permit a better distance estimate.
Conventional photographs of NGC 7027 created a false idea of the structure of this PN, which was removed only by IR and radio-frequency observations (see refs. 3 and 11 and references cited therein). Far from being an amorphous blob, the inner ionized H shell of NGC 7027 has an orderly structure that is obscured by patchy clouds of surrounding dust. This inner, H+ or HII region appears to be a prolate spheroidal shell whose inner major and minor axes are 5.74" and 2.8", respectively, and whose outer major and minor axes are 6.23" and 3.4", respectively. The major axis is tilted by about 26°-39°with respect to the line of sight to the observer. The faint extended Ha emission observed out to a distance of 30" is probably produced by reflection from the dust ejected during the red-giant phase (3) . This bright, ionized shell, which produces the optical spectrum discussed below, is expanding into a vast, cool, molecular cloud of at least two solar masses. Although originally detected as a CO cloud (14) , it actually consists mostly of molecular H. Thronson and Bally (15) found the CO/H ratio to be about 0.001. Their extensive search for other molecules revealed only CN, which they suggested was produced by the destruction of HCN just outside the HII zone or Stromgren sphere. The dust/CO ratio seems to be about the same in NGC 7027 as in a number of highly evolved stars and diffuse interstellar clouds. Although in the region just adjoining the hot HII plasma, the molecular H may have a gas kinetic temperature of 1100 K (16), the vast bulk of the extended gas and dust cloud must be much colder. Its thermal dust emission, measured from 3 ,um to 370 Am, shows that the cloud must be emitting over a huge temperature range. Much of it may be =90 K, but the outermost portions may be as cold as 20 K (2). The dust grains themselves appear to be similar to those found in the interstellar medium.
The rich IR spectrum shows not only numerous atomic and molecular lines but also many broad structures presumably produced in carbon-rich grains, although specific identifications are not yet established (17) (18) (19) (20) (9) found a Zanstra temperature of 180,000 K. Atherton et al. (3) suggest a temperature in excess of 200,000 K. If the residual stellar core is massive, it may be fading rapidly, but the density of the HII zone is so great that its spectrum would quickly respond to these changes. No such variations have been found.
Characteristics of Spectrum and Abundance Patterns in NGC 7027
A prime objective of intensive spectroscopic observations of NGC 7027 has been not only to establish the electron density and temperature in the radiating plasma and to set limits on possible fluctuations within the same but also to obtain improved values of the elemental abundances within the nebula. Such studies have been carried out by many workers since the pioneering effort of Bowen and Wyse (22) . For example, Shields (23) used photo-ionization equilibrium models to show that the C/O and N/O ratios exceeded solar values, but iron was depleted by about a factor of 25 because of its incorporation in solid particles. Mg also seems to be among metals included in grains (24, 25) . The extension of spectroscopic observations to the IR (26, 27) and UV (28) in recent years strengthens abundance determinations for additional elements such as Ne, S, and Ar, since many additional ionization stages become observable.
A particular effort has been expended in a determination for elements involved in the energy-generation processnotably, C, N, and 0 (23, 29) . These studies are in agreement and show that C and N are enhanced with respect to the solar values. The nebular material has been enriched in C and N, C by the triple a process and N by the CNO cycle in the progenitor star (30) .
Optical-region spectroscopic studies by Bowen and Wyse (22) , by Wyse (31) , and by Bowen and co-workers (32) Intensities derived from the blackening of photographic emulsions suffer from the fact that the photographic plate is *Brackets are standard spectroscopic notation for forbidden transitions. a nonlinear detector. Careful laboratory calibrations are necessary. Limitations on accuracy are especially severe if one attempts to work over such a large range in intensity as is exhibited by spectral lines in a gaseous nebula. Not surprisingly, many measurements were affected by scale errors. These worked in the sense that weak lines tended to be measured too strong as compared with the strongest lines. Kaler et al. (5) reviewed the then-available published photoelectric and photographic data, made a series of observations with a photoelectric scanner at Mt. Wilson Observatory, and used the Lick coudd to obtain a carefully calibrated, graded series of photographically recorded spectra covering the range from 305 nm to 500 nm. At Lick Observatory they also used the image-tube scanner devised by Robinson and Wampler (33) and assessed data obtained with the Lallemand electronic camera that covered the region from 463 nm to 590 nm. With this body of material they were able to recalibrate the Bowen spectrograms, which not only had higher spectral resolution than data obtained with the more linear detector systems but also recorded fainter lines in the green, yellow, and red spectral regions as well. By combining all of these data, Kaler et al. 
New Spectroscopic Possibilities
Fortunately, an efficient, practical technique is now available for reaching faint lines with high spectral resolution. With the recently commissioned Hamilton echelle spectrograph at the coudd focus of the Shane 3-m telescope at Lick Observatory, we have been able to observe NGC 7027 and several other PN. Echelle spectrographs, which can provide very high dispersions, are particularly useful in bright-sky sites such as Mt. Hamilton. Furthermore, wavelengths between 1100 and 360 nm are concentrated in higher orders (in this instance n = 50-155). Each order contains only a small portion of the total spectrum. To separate the overlapping orders, one places a cross-disperser in the beam. Truncated, individual segments of the spectrum appear as roughly parallel strips in an image format suitable for a modem, two-dimensional detector such as a CCD (charge-coupled device). At Lick Observatory, the present Texas Instruments CCD detector consists of an 800 x 800 array of 15-gm individual pixels. However, the physical size of the CCD chip is smaller than the entire echelle spectral-image format. Therefore, approximately six positional settings of the CCD chip are needed to cover the range from 367 nm to 1100 nm.
Nevertheless, in order to dredge up the faint lines that were at the lower limit of detectability in the earlier work (5, 32) , exposures up to nearly 3 hr were required. Measurable intensities can be found for many weak emission lines that were merely noted as "detected" on the earlier list. Since the CCD is a linear device, different images can be coadded.
An intrinsic hardship inherent in the spectrophotometry of gaseous nebulae is the huge range in intensity between the weakest and strongest lines (ratios of -10,000 to 100,000). A million decibels in signal-strength range places a severe strain on any detector system. If we try to reach a weak line, a nearby strong one may be grossly overexposed. That is, the profusion of photons falling on a small set of pixels will eventually cause saturation. The excess charge can then "drip" or "bleed" both horizontally and vertically onto adjacent pixels, thereby potentially contaminating or smothering numerous weaker features. Fortunately, many lines may appear in two different orders; however, for some cases we must position the chip in the echelle spectral-image format so that the very strong lines do not strike the Proc. Natl. Acad. Sci. USA 85 (1988) To appreciate possible sources of error, a few words must be appended about the observational procedures. First of all, a diffusely illuminated, laboratory, extended source called a "flat field" is recorded by the spectrograph to allow for the varying sensitivities of the different pixels. All stellar and nebular spectra are divided by this flat field. The spectrum of a laboratory thorium-argon arc is observed to provide wavelength calibration. One also observes standard stars of known energy distribution with the same set-up as for the nebula, except that a wider slit is used to minimize effects of atmospheric dispersion. From the standard star observations, one obtains the response function of the system, which enables us to allow for the variation of optical transmission and detector sensitivity from point to point in the system. Errors in the response function will enter directly into the final results; these may arise from uncertainties in the standard star spectral energy distribution, from errors in atmospheric extinction, improper allowance for the curvature in the echelle spectra, and from failure to ensure that the same pixels are tapped in nebular and stellar observations. Also, since several chip positions are involved and the same ritual must be followed for each such position, errors in guiding on the standard star and nebula will enter. By comparing lines common to more than one chip position, we can allow for this effect. In addition to uncertainties arising from these procedures, there are those arising from imperfections in the chip, drips from pixels exposed to very strong lines, and the usual random noise.
From a comparison of intensities of the same line as measured with different chip positions, we estimated that for lines weaker than 0.05, the random error will be of the order of 30% to 50%o; for 0.05 < I < 0.10, we expect an error typically of 22% to 40%o; for 0.1 < I < 0.3, typical errors are 15% to 25%; for 0.3 < I < 1.0, we assess typical random errors of 8% to 15%. In the range 1 < I < 10, we expect errors of the order of 7% to 10%, while for stronger lines, an error of about 5% to 7% is estimated. For the weaker lines, random noise plays the dominant role, whereas for the stronger lines, accuracy is limited mainly by calibration errors.
In the region of the spectrum surveyed, we [FeIII] , [FeV] , [FeVI] , and [FeVII] . The virtue of the CCD observations is that we can get more reliable intensities for some of the less-abundant elements, particularly for Fe and Ca, which appear to be tied up in grains (34, 35) .
The role of plasma diagnostics has been discussed by many workers (refs. 12 and 36 and references cited therein). The Further discussion of diagnostics and abundances must await proper theoretical models and more data. NGC 7027 appears to belong to Peimbert's type II objects which are both C and N rich, but it is not a typical member of this group of objects.
